Optimization of cell-material interactions is crucial for the success of synthetic biomaterials in guiding tissue regeneration. To do so, catechol chemistry is often used to introduce adhesiveness into biomaterials. Here, a supramolecular approach based on ureido-pyrimidinone (UPy) modified polymers is combined with catechol chemistry in order to achieve improved cellular adhesion onto supramolecular biomaterials. UPy-modified hydrophobic polymers with non-cell adhesive properties are developed that can be bioactivated via a modular approach using UPy-modified catechols. It is shown that successful formulation of the UPy-catechol additive with the UPy-polymer results in surfaces that induce cardiomyocyte progenitor cell adhesion, cell spreading, and preservation of cardiac specific extracellular matrix production. Hence, by functionalizing supramolecular surfaces with catechol functionalities, an adhesive supramolecular biomaterial is developed that allows for the possibility to contribute to biomaterial-based regeneration. † Electronic supplementary information (ESI) available. See
Introduction
Materials and systems inspired by nature have shown great promise for the development of cell adhesive surfaces and adhesive glues for biomedical applications. [1] [2] [3] [4] In the tissue engineering field researchers have been inspired by the adhesive properties of marine mussels. Mussels show superior adhesion on wet surfaces through their byssal threads. [5] [6] [7] Within these threads, proteins containing the amino acid 3,4dihydroxyphenylalanine (DOPA), are secreted in a spatially and temporally controlled manner which then form adhesive plaques in minutes. 8 The strong adhesive properties of these threads originate from catechol residues of DOPA, which have efficient and versatile cross-linking abilities. In reducing conditions, catechol residues can undergo various interactions, such as hydrogen bonding, electrostatic interactions or metal-catechol coordination. 9 Once exposed to oxygen, catechol residues are oxidized to reactive o-quinones. The o-quinones can then (i) self-polymerize, (ii) react with thiols or amines via Michael type addition or (iii) react with amines via Schiff base reactions.
Many of these cross-linking abilities have contributed to the development of synthetic materials with the ultimate goal to promote adhesion of cells or biomolecules for tissue engineering applications. 10, 11 Catechol functionalities can be introduced by immersing material substrates in an alkaline solution of 3,4-dihydroxyphenethylamine (dopamine). Thereby a thin polydopamine film is formed that exhibits reactivity towards nucleophiles, such as thiols and amines. 4, 12, 13 Polydopamine modified materials can also be used to immobilize extracellular matrix (ECM) proteins, such as collagen type I 14 or serum proteins. 13 To create polydopamine coatings on biomaterials, a large amount of dopamine is needed. To prevent the use of excessive dopamine, catechols can be directly coupled to synthetic polymers using dopamine or 3,4dihydroxyhydrocinnamic acid, resulting in the formation of amide bonds. Brubaker et al. coupled catechols to a 4-arm poly (ethylene glycol) (PEG) and incorporated an elastase-specific peptide sequence to create an enzymatically degradable and adhesive hydrogel. 15 Subcutaneous injection of this adhesive hydrogel in mice showed slow degradation via elastase secreted by neutrophils, which minimized an inflammatory response. 15 Furthermore, Lee et al. conjugated catechol resi-dues to the backbone of alginate, to develop biocompatible 3D hydrogel for cell transplantation. 16 By exposing the catechol modified alginate to a mixture of sodium hydroxide and sodium periodate, a divalent cation-free alginate hydrogel was created that showed a high degree of viability and low immunogenicity. Kim et al. simultaneously electrospun catecholmodified 8-arm PEG with thiolated poly(lactic-co-glycolic acid) and either formed a cross-linked nanofibrous network after exposure to sodium periodate solution, or formed non crosslinked meshes without exposure to sodium periodate. 17 Electrospun catechol cross-linked meshes showed improved anti-fouling properties compared to non-cross-linked meshes, due to the slower degradation rate of tethered PEG chains. Exemplary, Choi et al. covalently immobilized 3,4-dihydroxyhydrocinnamic acid to amines on the surface of polycaprolactone-PEG electrospun nanofibers. 18 After exposure to basic pH, a low concentration of catechols was able to induce increased fibroblast adhesion at the surface of nanofibers (catechol concentration = 106 pmol mm −2 ). In general, these findings show an enhanced cellular adhesion attributed to the conjugation of catechol-molecules to polymers. Yet, since these methods require multiple reaction steps for functionalization of material surfaces, new approaches that limit the use of excessive conjugation reactions are highly desirable.
Therefore, here a supramolecular and modular approach is introduced based on supramolecular hydrogen bonding ureidopyrimidinone (UPy) polymers and UPy-modified mussel-inspired catechol additives (abbreviated as UPy-DOPA), in order to develop cell-adhesive biomaterials (Scheme 1). For this purpose, first a new UPy-based hydrophobic polymer was developed, based on priplast, an amorphous polyester polyol. This UPypriplast was proposed to display non-cell adhesive properties. Additionally, another, by our group developed and intensively studied, less hydrophobic, UPy-modified polyester UPy-polycaprolactone (UPy-PCL) was bioactivated with UPy-DOPA additives. We have been shown in the past that this UPy-PCL material is intrinsically cell adhesive (in the presence of serum proteins), and can therefore be applied as control material. [19] [20] [21] [22] As biological application and read-out we aimed at the improvement of cardiomyocyte progenitor cells (CMPC)material interactions in terms of adhesion, viability and preservation of endogenous ECM formation. CMPC were chosen as cell source, because cardiac stem/progenitor cells have the potential to regenerate cardiac tissue and provide a long term solution for cardiac tissue damage when used as a cell-therapy. 23, 24 However, it remains a challenge to improve the engraftment and survival of these progenitor cells using biomaterials.
Materials & methods

Materials and synthetic procedures
Bifunctional UPy-modified polycaprolactone (UPy-PCL, M n = 2.7 kg mol −1 ) was synthesized similar to previous methods. 25 Bifunctional UPy-modified priplast3196 (UPy-priplast, M n = 5.0 kg mol −1 ) was synthesized by reacting dihydroxyl-terminated priplast3196 with hexamethylene diisocyanate (HDI)activated UPy using dibutyltin dilaurate (DBTDL) as a catalyst in CHCl 3 (synthetic procedure and Scheme S1 †). Monofunctionalized UPy-catechol (UPy-DOPA) was synthesized by coupling 3,4-dihydroxyphenethylamine to carboxylic acid terminated UPy-building blocks (Scheme S2 †). 26 General materials and instrumentations used in this study are described in the ESI. †
Preparation of UPy-priplast films and tensile testing
Solutions of UPy-priplast in chloroform (15 mg mL −1 ) were stirred overnight, casted into Teflon molds (SyMo-Chem B.V., 4.5 × 10.5 × 0.5) and placed under a glass bowl to ensure slow evaporation of CHCl 3 . Dog bone shaped molds (18 × 5 mm) were used to cut out dog bone shaped polymer films. Stressstrain measurements were performed on a Zwick Z010 Tensile tester (Zwick Roell). Samples were placed in clamps with a crosshead of 18 mm and a pre-load of 0.1 N was applied with a speed of 0.3 mm s −1 . 27 Samples were loaded until break with a Scheme 1 Chemical structures of UPy compounds. Priplast end-functionalized with UPy-unit (UPy-Priplast), polycaprolactone end-functionalized with UPy-unit (UPy-PCL) and UPy-modified catechol functionalities (UPy-DOPA).
loading speed of 1 mm min −1 . Strain-at-break, stress-at-break and Young's modulus was calculated from the loading curve using Matlab (Mathworks).
Preparation and analysis of dropcast films
Polymer solutions were prepared by mixing UPy-PCL (31.8 mg ml −1 in HFIP) or UPy-Priplast (38.8 mg ml −1 in CHCl 3 ) with UPy-DOPA (1.67 mg ml −1 in CHCl 3 : MeOH (95 : 5)), resulting in mixtures with 10 mol% UPy-DOPA. UPy-PCL and UPy-Priplast based films were prepared by dropcasting 40 μL and 80 μL polymer solutions on untreated glass coverslips and silanized glass coverslips (ESI 1.3 †), respectively. Pure UPy-DOPA solutions (25 mg ml −1 in CHCl 3 : MeOH (95 : 5)) were dropcast on silanized glass coverslips. Dropcast films were dried in vacuum at room temperature overnight. Fibronectin-coated cover glasses were prepared by incubating them in 30 μg mL −1 fibronectin in PBS for 1-2 hours. Atomic force microscopy (AFM) phase and height images of dropcast films were recorded at room temperature using a Digital Instruments Multimode Nanoscope IV operating in the tapping regime mode using silicon cantilever tips (PPP-NCHR, 204-497 kHz, 10-130 N m −1 ). Images were processed using Gwyddion software (version 2.43). Water contact angles were measured on an OCA30 (DataPhysics) at room temperature. Water droplets (4 μL) were applied on the dropcast films and the angle of the waterair-polymer interface was measured after 30 seconds. Arnow's test was performed to detect catechol residues within the dropcast films. 28 In this assay, the following components are sequentially added to produce a red/brown color in the presence of phenolic hydroxyl groups: 0.5 mL HCl (0.5 M), 0.5 mL nitritemolybdate (0.02 v/v%), 0.5 mL NaOH (1 M), and 0.5 mL distilled water. Images were taken with a digital camera (Canon G16) and contrast was manually adapted to highlight the differences between UPy-Priplast films without and with UPy-DOPA or UPy-PCL films without and with UPy-DOPA.
Cell culture
L9TB cardiomyocyte progenitor cells (CMPC) were immortalized by lentiviral transduction of hTert and BMI-1 (L9TB). 29 CMPCs were cultured in SP++ growth medium containing M199 (Gibco) which is bicarbonate buffered, and EGM-2 BullitKit (Lonza) in a 3 : 1 volume ratio, supplemented with 10% fetal bovine serum (Bovogen), 1% penicillin/streptomycin (Lonza) and 1% non-essential amino acids (Gibco) at physiological pH. CMPCs were cultured on 0.1% gelatin coated PS, passaged at 80-90% confluency and seeded at a concentration of 2.6 × 10 4 cells per cm 2 . CMPCs were cultured for 1 or 7 days on dropcast films and medium was changed every 3 days.
Immunofluorescent stainings
CMPCs cultured on dropcast films were first washed with PBS, fixated in 3.7% formaldehyde (Merck) for 10 minutes, washed with PBS and permeabilized with 0.5% Triton X-100 (Merck) for 10 minutes. Non-specific binding of antibodies was minimized by incubating twice in 1% horse serum (Gibco) for 10 minutes. Cells were then incubated with primary antibodies in 10% horse serum and a Net-gel buffer (50 mM Tris pH = 7.4, 150 mM NaCl, 5 mM EDTA, 0.05% NP-40, 0.25% gelatin in milliQ) overnight at 4°C. Subsequently, cells were first washed with Net-gel and incubated with the secondary antibody for 1 hour in Net-gel followed by incubation with DAPI (0.1 µg mL −1 ) in PBS for 5 minutes. Finally, samples were washed and mounted on cover glasses with mowiol (Sigma). Information regarding, primary and secondary antibodies are listed in the ESI. † Samples were imaged with a confocal laser scanning microscope (Zeiss LSM510 META NLO).
Viability assay and collagen staining
Viability assay was performed using Calcein-AM (Fluka) and propidium iodide (PI, Invitrogen). CMPCs cultured on dropcast films were incubated with serum-free medium with 10 μM Calcein-AM and PI for 30 minutes and imaged using a fluorescent microscope (Zeiss Axiovert 200 M). Cells were quantified using Mathematica software (Wolfram). Collagen was stained using a CNA35 probe linked to an mCherry dye (CNA35-mCherry). 30 Cells were incubated with 1 μM CNA35-mCherry in standard culture medium for 30 minutes and imaged using a confocal laser scanning microscope (Leica TCS SP5X).
Gene expression analysis
CMPCs were cultured for 7 days on UPy-PCL, UPy-PCL + 10 mol% UPy-DOPA and UPy-Priplast + 10 mol% UPy-DOPA and compared to CMPCs cultured on fibronectin-coated cover glass. Total RNA was isolated using the Qiagen RNAeasy isolation kit (Qiagen). cDNA was synthesized for 250 ng RNA per sample using the MMLV (Bio-Rad). Primers for quantitative PCR (qPCR) were designed using qPrimerDepot 31 and BLAST. cDNA samples were subjected to qPCR using iQTM SYBR@ Green Supermix (Bio-Rad) and the Bio-Rad IQ™5 detection system (Version 1.6). Primer sequences and annealing temperatures can be found in the ESI. †
Statistical analysis
Data are presented as mean ± standard deviation (SD). These data consisted of water contact angles, cellular adhesion, viability and relative gene expression. All statistical differences were determined using a non-parametric Kruskal-Wallis test with Dunn's post hoc test. Probabilities of p < 0.05 were considered as significantly different. All statistical analyses were performed using GraphPad Prism 5 Software (GraphPad Software, Inc.).
Synthesis of UPy-modified catechol functionalities (UPy-DOPA) was achieved by employing a peptide coupling strategy, which started by activating the carboxylic acid on UPy-COOH using HATU and pyridine (Scheme S2 †). 26 The activated carboxylic acid was then able to react to the amine on 3,4dihydroxyphenethylamine to form the final UPy-DOPA product with a yield of 87% (166 mg). UPy-DOPA appeared as a sticky white-yellow solid.
Characterization of UPy-Priplast
The thermal behavior of Priplast polymers was studied, showing a glass transition temperature T g of −56.3°C, a crystallization temperature T c of −33°C (ΔH c is 1.6 J g −1 ), and a melting temperature T m of −21.2°C (ΔH m is 1.4 J g −1 ). On functionalization with UPy-moieties, the thermal behavior of UPy-Priplast clearly changes, with a glass transition temperature T g of −51.9°C, a crystallization temperature T c of 37.1°C (ΔH c is 4 J g −1 ), and a melting temperature T m of 77.3°C (ΔH m is 5.6 J g −1 ). This T m is attributed to the formation of UPyassemblies. Based on these results it can be concluded that UPy-Priplast is a semi-crystalline polymer at cell culture temperatures (37°C). Additionally, the UPy-assemblies are present at cell culture temperatures since the T m is 77.3°C.
The mechanical properties of UPy-Priplast elastomer films were studied. Films with thicknesses of 0.14 ± 0.02 mm had Young's moduli of 10.6 ± 1.7 MPa, a stress-at-break of 0.84 ± 0.11 MPa and a strain-at-break of 11.1 ± 1.3%. These values are slightly lower compared to the mechanical properties of previously reported UPy-PCL based films. 25 However, this is expected since PCL itself crystallizes and the UPy-aggregate formation in UPy-PCL is guided by the presence of urea functionalities instead of urethanes as present in UPy-Priplast.
Formulation of catechol modified supramolecular films
Polymer solutions were prepared in organic solvent and simple mixing of different UPy-polymers with UPy-DOPA resulted in consistent polymer mixtures. Dropcast films were then formulated by casting the polymer solution on glass surfaces and following evaporation of the solvents resulted in supramolecular films. The supramolecular structure of the dropcast films with and without UPy-DOPA additives was investigated with AFM ( Fig. 1A) . Short and regular fibers are observed on UPy-Priplast films at the nanometer scale compared to longer fibers on UPy-PCL films (Fig. 1A) . This originates from stacking of hydrogen bonded UPy-dimers in the lateral direction which is aided by additional hydrogen bonding between the urethane (in UPy-Priplast) or urea (in UPy-PCL) functionalities (Scheme 1). 32, 33 The difference in fiber morphology is attributed to the presence of the urethane functionality in the UPy-Priplast material that is able to form one hydrogen bond, in contrast to the urea functionality in the UPy-PCL material which is able to form two hydrogen bonds (Scheme 1). 34 Upon mixing of 10 mol% UPy-DOPA with UPy-Priplast or UPy-PCL, a similar fibrous morphology can be observed as for the pristine polymer films (Fig. 1A) . This indicates successful incorporation of UPy-DOPA within the UPy-stacks of UPy-Priplast and UPy-PCL. Additionally, the AFM height images show similar surface morphology on the bioactivated UPy-polymers compared to the pristine UPy-polymer films, which also indicates successful incorporation of UPy-DOPA ( Fig. S1 †) .
Water contact angle measurements showed no difference in hydrophilicity when 10 mol% UPy-DOPA was mixed with either pristine polymers of UPy-Priplast (89.6 ± 0.8°vs. 90.0 ± 0.6°, with and without UPy-DOPA, respectively) or UPy-PCL (69.9 ± 1.0°F vs. 68.5 ± 0.8°, with and without UPy-DOPA, respectively) ( Fig. 1B) . This is in contrast with previous reports, where a significant decrease in WCA was observed after modification of hydrophobic surfaces with catechol molecules via polydopamine. 13 This could be due to higher amount of catechols in polydopamine-modified material surfaces. Dropcast films consisting of pristine UPy-DOPA showed relatively hydrophilic water contact angles of 50.3 ± 2.3°. This might indicate that the hydrophilic PEG linker and catechol groups of UPy-DOPA is initially not at the surface, and in the presence of cells and culture conditions it slowly re-assembles to the surface. To determine the presence of catechol functionalities in the dropcast films, an Arnow's test was performed (Fig. 1C ). Arnow's test is a colorimetric assay which is based on the nitrosation of hydroxyl-containing benzenes which results in a color change. A clear red/brown color change was observed for dropcast films containing UPy-DOPA, which indicates the presence of oxidated catechol moieties. However, this apparently does not result in changes in hydrophilicity of the surface. In conclusion, these results show successful bioactivation of UPy-Priplast and UPy-PCL materials using UPy-DOPA additives.
CMPC adhesion and viability
Incorporation and bioactivity of UPy-DOPA within pristine UPy-based polymers was tested at a cellular level by investigating CMPC adhesion after 24 hours of culturing ( Fig. 2A) . On UPy-Priplast CMPCs did not adhere after 24 hours ( Fig. 2A) . Upon increase in concentration of UPy-DOPA, an increase in CMPC adhesion was observed for 5 mol% and 10 mol%. This matches with the total amount of cells per mm 2 , which significantly increases to 170.9 ± 13.4 for 5 mol% and 147.9 ± 29.9 for 10 mol% UPy-DOPA (Fig. 2B) . The increase in adhesion and cell number is either due to, (i) an increase in the number of bound serum proteins or (ii) an increase in the adsorption strength of serum proteins on UPy-Priplast. In literature, improved adhesion on catechol-functionalized surfaces is interpreted by the ability to immobilize thiol/amine containing biomolecules via Michael-type addition or Schiffbase reactions to o-quinones. 18 In this study, no sodium periodate or basic solutions were used, which are required to oxidize catechols to reactive o-quinones. 6 Another explanation could be that serum proteins are stabilized by the hydroxy groups of the catechol via hydrogen bonding. Furthermore, on hydrophobic surfaces, proteins tend to denature and therefore they might lose some of their adhesive properties. 35 As a control group, both UPy-Priplast and UPy-PCL were functionalized with UPy-MeO, an analogue guest molecule lacking catechol functionality, to confirm the effect of catechols at the surface (Fig. S2 †) . On UPy-Priplast functionalized with UPy-MeO, no improvement in the adhesion of CMPCs was observed, proving the effect of catechol functionalities that improve cellular adhesion on UPy-Priplast films (Fig. S3 †) . On pristine UPy-PCL CMPCs showed adhesion and spreading ( Fig. 2A) . This is in agreement with previous studies where 3T3 fibroblasts showed adhesion and spreading when cultured on pristine UPy-PCL. 25 CMPCs showed a slight increase in spread- 
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Biomater. Sci., 2017, 5, 1541-1548 | 1545 ing upon increase in molar concentration of UPy-DOPA to 10 mol%. Additionally, the amount of cells per mm 2 slightly increased upon increase of UPy-DOPA concentration, however not significantly (Fig. 2C) . Similarly, UPy-PCL functionalized with UPy-MeO showed no improvement of cell adhesion (Fig. S4 †) . Next, viability of CMPC was assessed on UPy-based films after 24 hours of culturing ( Fig. 2D and S5 †) . On UPy-Priplast CMPCs showed low viability (16.5 ± 3.1%), which is primarily due to the loss of cellular adhesion after 24 hours of culturing. Upon incorporation of UPy-DOPA CMPC adhesion significantly increased (90.4 ± 4.1%). On UPy-PCL CMPCs showed high viability and upon incorporation of UPyDOPA, viability remained unchanged (97.7 ± 1.7% and 98.6 ± 0.6%, respectively) ( Fig. 2D) . However, the absolute number of adhered cells did increase upon incorporation of 10 mol% UPy-DOPA (data not shown). Improvement of CMPC adhesion was achieved by modular incorporation of low amounts of UPy-DOPA (1.67 mg ml −1 ) in UPy-based polymers, excluding the use of oxidating agents or basic pH.
Cardiac ECM gene expression
Recently, CMPCs have proven to be a potential cell source for cardiac tissue engineering approaches due to their ability to proliferate, differentiate into cardiomyocytes and their capacity to produce cardiac ECM components. 29, 36, 37 To investigate the ECM formation capabilities of CMPCs on different supramolecular surfaces, cardiac specific ECM gene expression was studied. For simplification, the cardiac ECM was divided into three categories, (1) the pericellular matrix, (2) basement membrane and (3) connective tissue layer (Fig. 3A) . The pericellular matrix consists of hyaluronan and proteoglycan link protein 3 (HAPLN3) and versican (VCAN). The basement membrane consists of collagen type IV (COL4A1), proteoglycan α-1 (HSPG2), laminin γ-1 (LAMC1) and nidogen (NID1). Finally, the connective tissue layer consists of fibrillin-1 (FBN1), collagen type III (COL3A1), decorin (DCN), collagen type I (COL1A1) and fibronectin (FN1). CMPCs cultured for 7 days on the different supramolecular surfaces were compared to CMPCs cultured on fibronectin-coated glass to check the effect of the supramolecular surfaces on gene expression levels ( Fig. 3B-D) . Due to high cell death on pristine UPy-Priplast surfaces after 1 day, no cells remained and gene expression was not possible to be measured for this condition after 7 days (Fig. 2D) . On UPy-Priplast functionalized with UPy-DOPA, low gene expression for the ECM components HAPLN3, COL4A1, DCN and COL1A1 was seen compared to CMPCs cultured on fibronectin-coated cover glass (Fig. 3D ). This might be due to the lower amount of CMPCs on UPy-Priplast based films compared to UPy-PCL based films after 7 days of culture (data not shown). Nevertheless, cardiac markers which are identical for CMPC were expressed and maintained on all surfaces (Fig. S6 †) . On pristine UPy-PCL, genes expressed for ECM components found in the pericellular matrix, basement membrane and connective tissue layer, showed similar levels of expression compared to CMPCs cultured on fibronectin-coated glass (Fig. 3B) . Similarly, on UPy-DOPA functionalized UPy-PCL films, gene expression of all cardiac categories remained similar compared to CMPCs cultured on fibronectin-coated glass (Fig. 3C) . These results show the feasibility to maintain CMPC-based cardiac ECM formation through the preservation of ECM gene expression and CMPC phenotype on catechol-functionalized supramolecular surfaces.
Cardiac ECM production
Cardiac specific protein production and localization on supramolecular surfaces and the effect of catechol incorporation was studied ( Fig. 4) . Similarly, due to high cell death on pristine UPy-Priplast surfaces after 1 day of culture, ECM production was not detected after 7 days (Fig. 2D ). The basement membrane component laminin γ1 was located in the cytosol (Fig. 4A, F and K) . Similarly, collagen IV was observed on all surfaces (Fig. 4B, G and L) . The presence of extracellular fibronectin was observed on all surfaces, however no difference were observed when catechol functionalities were incorporated (Fig. 4C, H and M) . Further analysis should be performed to assess fibronectin immobilization on catechol-functionalized supramolecular surfaces, since fibronectin production is a crucial ECM component which has been shown to improve matrix assembly and cardiac progenitor cell proliferation and alignment. 38, 39 Furthermore, extracellular collagen type I was observed on all surfaces (Fig. 4D, I and N) . Additionally, the presence of extracellular collagen was observed on all surfaces, which was confirmed with CNA35-mCherry staining (Fig. S7 †) . 40 Lastly, collagen type III was mostly observed within the cytosol of CMPCs (Fig. 4E, J and O) . With these results, it can be concluded that ECM production by CMPCs is preserved on catechol-functionalized supramolecular surfaces.
Conclusions
Successful formulation and development of adhesive supramolecular surfaces using UPy-DOPA was achieved. This was realized by modularly incorporating UPy-DOPA with non-cell adhesive UPy-Priplast and cell-adhesive UPy-PCL, thereby, creating improved cellular adhesive supramolecular biomaterials. Additionally, these supramolecular biomaterials showed the capability to support the preservation of endogenous ECM gene and protein expression by CMPCs, which is of high relevance for cardiac tissue engineering approaches. 
